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Pixel Detector at Belle II Experiment
Belle II

e+: 4 GeV

e+: 7 GeV

Pixel Detector (PXD)

• e-/e+ collider for B0/B0-bar 
• KEKB/Belle upgrade in Japan 
• Super high-luminosity ~8×1035 cm-2s-1 

• Refurbishment of accelerator & detector

• Innermost vertex detector (PXD) at 
Φ=14 & 22 mm, total 40 modules 

• DEPFET sensors technology 
• Frame rate of 20 us
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DEPFET Sensors
amplifier DEPFET matrix

• p-FET on fully depleted bulk 
• Modulation of the FET current by 

accumulated electrons under the 
internal gate (gq~600 pA/e-) 

• Clear signals via punch-through effect

• Row-wise steering 
• Column-wise connection of pixel drains 
• Drain currents sampled by custom FE
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Operating Mode

amplifier

clear gate

Figure 3. Left: Continuous injection of new bunches with 25 Hz. The red packages indicate the new particle
bunches containing ’noisy particles’. Upper Right: Schematic of noisy bunches; every 100 ns. Every 20 ms
particles are injected which need about 4ms to cool down, hence leaving only 16ms of clean operation.
Lower Right: Hits on DEPFET matrix consisting of noise particles (backgorund) and real Belle II events.
The red line indicates the current read out row.

order to make the detector insensitive for short time periods when noisy bunches are passing. This
takes approximately a few hundreds of nanoseconds. The idea is to make the detector blind while
the noisy particles pass the detector. Therefore, the device is switched into the so-called ’gated-
mode operation’. By applying the Clear pulse (i.e. resetting the detector) and the appropriate Gate
voltage (i.e. JFETs are in the off-state) simultaneously, the potential distribution within the sili-
con bulk is changed such that newly created electrons within the bulk by impinging particles drift
directly to the Clear contact. Meanwhile the amount of stored charge in the internal gate is not
changed. Hence, the signal from real Belle II events is not distorted. Other detectors like SVD
(silicon strip detector) just interrupt their read-out but the DEPFET devices operating in rolling
shutter mode is integration over 20 µs, hence such a strategy is not possible.

2.4 Auxiliary ASICs and Readout

These 192 electrical rows are controlled by six Switchers. Each of the switcher has 32 Gate and
Clear outputs for switching the JFETs on and off and to apply the Clear pulses [3] [4]. Load
capacitances of around 50 pF need to be cycled within 10 ns according to simulations. The current
switcher version SwitcherB-18v2.0 is able to handle voltages up to 50 V which is almost twice
of the maximum voltage which is applied. They are bump-bonded at the lateral balcony. The
DEPFET drain current are digitized by the drain current digitizer (DCD-B) [5] [6] which include a
pipeline of ADCs with a sampling rate of 10 MSamples/s, current subtraction and a compensation
for pedestal current (2bit DAC). Hence, each ASIC contain 512 ADCs for 256 input channels. They
achieve low noise in the order of 50 nA. It runs at nominal speed, i.e. 320MHz which produces
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Adjusting potential min. with gate and clear gates
e- by noise bunch directly to clear gate

Normal, charge collection operation
Gated-Mode operation
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Front-end ElectronicsFront-end ASICs for PXD

• Active pixel area thinned to 50 µm
• Independent read-out from both sides
• ASICs bump bonded onto the DEPFET 

substrate ASIC Chips for the PXD 

SVD-PXD, Vienna 2012, H. Krüger -3- 

ILC$mech.$dummy

✦ SWITCHER
• high voltage (10-20V) pulses for clear         

and gate lines
✦ DCD (Drain Current Digitizer)
• receive drain current signals from DEPFET
• sample and subtract pedestal currents
• digitize signals
• 4:1 multiplex ADC outputs 
✦ DHP (Data Handling Processor)
• data reduction
• sending data off the module to the backend

-4/20-

“All-silicon” DEPFET module• Active pixel area thinned down to 75 um 
• ASICs bump bonded on sensor substrate

SWITCHER

DCD (Drain Current Digitizer)

DHP (Data Handling Processor)

• providing steering signals 

• digitize the drain current from matrix 

• data reduction 
• send data off the module to the backend elec.

ASIC R&D more than 7 years
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Front-end ASIC #1: SWITCHER-B

• AMS high voltage 0.18 um CMOS 
• Designed by Uni. Heidelberg 
• Size: 3.6×1.5 mm2 

• contains additional logic for gated-mode 
operation

devices on a substrate with a resistivity of 150O cm. The
leakage currents of typically 100 pA=cm2 (at 50V) are
excellent values. Only ! 10% of the devices have leakage
currents increased by a factor of five. No significant
difference in behavior between normal and thin diodes has
been observed.

4. The Switcher3 gate/clear steering chip

In the existing test setups, the control of the gate and
clear signals is achieved with the Switcher2 steering chip.
This chip has been designed 2002 in a 0:8mm high voltage
technology in order to be able to deliver voltage steps of up
to 30V for test purposes. This chip is not suited for ILC,
however, for several reasons (geometry, power dissipation,
speed, insufficient radiation hardness). A new chip, Switch-
er3, has therefore been designed with the following main
goals:

" Geometry suited for module construction (slim and
long). Two-dimensional arrangement of bump bonding
pads, 128 channels.
" Voltage steps of up to 10V, sufficient for operation of

the latest DEPFET devices.
" Minimal dynamic power dissipation, close to zero static

power dissipation.
" Settling time of ! 20 ns for a 9V step and a load

capacitance of 20 pF.
" Radiation tolerance of at least 1Mrad.
" Flexible sequencer allowing multiple readout of regions

of interest.

" Minimum number of supply, bias and control signals to
simplify wiring on the sensor frame.

4.1. HV switch

One of the biggest challenges for this new chip was the
design of a radiation tolerant analog switch able to operate
at up to 10V. Irradiations of Switcher2 chips had shown,
that the used HV-devices with thick gate oxides severely
degrade after small (o50 krad) doses already, as expected.
Thin gate devices, on the other hand, do not withstand the
required voltage. The adopted solution is illustrated in
Fig. 4: three stacked 3.3V NMOS/PMOS devices are used
to pull the output to ground or to the positive switch
voltage, respectively (similar to a circuit in [9]). The
transistors are operated such that under no circumstances
the voltage differences at the terminals exceed the allowed
limit. Fig. 4(a) and (b) shows the required voltages for
high or low output, respectively, for an illustrating supply
voltage of 9V. The gate voltages of the middle NMOS
(PMOS) can always be held at 3V (6V), while the
other gates must be switched between 0V/3V, 6V/3V
and 6V/9V. The required level-shifting is achieved with
SRAM cells which are operated with the corresponding
supply voltages and which are flipped by capacitive
coupling of a 3V step signal onto the internal storage
node. The feedback inverters in the SRAM cells are current
limited so that flipping is simplified and capacitors of !
200 fF are sufficient. A reset/set signal in the SRAM cells
can be used to define the initial polarity. This level shifting
has no DC current consumption, as required.
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Fig. 4. Simplified schematic of the ‘high voltage’ switch. The operation points for a supply of 9V are shown for high output (a) and low output (b).
The required gate voltages are generated by AC-coupled SRAM cells.

P. Fischer et al. / Nuclear Instruments and Methods in Physics Research A 582 (2007) 843–848846

• Fast pulse to drive large line cap. (~50 pF) 
• Fast HV up to 20 V for complete clear within 

~20 ns
• stacked-transistor output stage 
• thin gate oxide transistors for rad.-hard

NIM A, v582, p843, 2007
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SwitcherB18 (Gated Mode)

Reference Manual

Document revision: 3.2
for chip version 2.0
February 17, 2014

Prof. Dr. Peter Fischer, Dr. Ivan Perić, Dr. Christian Kreidl
Lehrstuhl für Schaltungstechnik und Simulation

Universität Heidelberg

Requirements to the ASIC
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Performance Verification

• Flexible timing control with CLK and strobe signals 
• Rad. Hard proven (up to 36 Mrad in previous design)

SwitcherB18 (Gated Mode) v2.0 4.3. OUTPUT TIMING

4.3 Output Timing

This section shows measurements of the HV output drivers. They are operated at Vhi = 9V and
IBiasBoost = 0. Different load capacitors were connected to the outputs. The PCB capacitance is
⇡ 8pF and has been added to the given nominal capacitor value.

Table 4.3 lists the rise- and falltimes calculated from 10% to 90% signal level. The output measurements
are shown in figures 4.5 for the falling and in 4.6 for the rising edge.

capacitance rising falling

⇡ 8pF 0.8ns 0.9ns
⇡ 30pF 1.8ns 2.0ns
⇡ 55pF 2.8ns 3.3ns
⇡ 76pF 3.6ns 4.0ns
⇡ 98pF 4.2ns 4.8ns

Table 4.3: Rising and falling edge timing for 10% to 90% signal levels.
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Falling edge with different loads
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Figure 4.7: CLK, StrG and three Gate signals with 90pF load capacitor and 80ns Gate timing, Vhi = 9V
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With 90 pF load and 80 ns gating



TIPP 2014, 2-6 June. Amsterdam

DCD-Bv2 v2.0 2.6. PIXEL SHIFT REGISTER
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Figure 2.1: Basic circuits of the analogue channel.
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Front-end ASIC #2: DCD (Drain Current Digitizer)

• UMC 180 nm 
• Designed by Uni. Heidelberg 
• Size: 3.3×5.0 mm2 

• Noise: 40 nA 
• Irradiation up to 7 Mrad
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• Trans-impedance amplifier 
• performance adjustment with DACs 
• Each channel with two current mode cyclic ADCs 

based on current-memory cells 
• 80 ns sampling period with 8 bits resolution

• Low-noise & fast settling current receiver 
(Rs=200Ω, Cd=50 pF) 

• 10 M Sample/s 
• 256 input channels

Requirements to the ASIC
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Performance Verification

PERIĆ et al.: DCD – THE MULTI-CHANNEL CURRENT-MODE ADC CHIP 751

Fig. 15. Differential non-linearity (DNL).

Fig. 16. Average ADC response to the input current that is switched on and
then off at and . Sampling time has been varied.

All the measurements presented so far have been conducted
using DC input signals. However, the DEPFET detector will be-
have as a switched constant current source. To emulate this, we
can switch on and off the test current sources using fast dig-
ital strobe. Fig. 16 shows average ADC response to the input
current that is switched on and then off at and

. The sampling time of the ADC (shown on
x-axis) has been varied with respect to and . As can be
seen, if the sampling moment occurs more than 100 ns after the
input current is turned on/off, the full signal is digitized. The ex-
ponential delay is caused by the slow response of the regulated
cascode. This is the result of a large external input capacitance
(50 pF) used to emulate the DEPFET detector load.

Channel-to-channel mismatch of the ADC transfer functions
is an important issue. The offset mismatch is not critical since
we plan to correct the offsets (pedestals) for every pixel sepa-
rately. The gain mismatch will not be corrected and it should be
therefore minimized. Fig. 17 shows the measured transfer func-
tions of 52 ADCs placed on one DCD. (The test current sources
have been calibrated for every channel separately.) As can be
seen, there is a certain offset mismatch. The gain mismatch is
much smaller, it corresponds to nearly 2 LSBs divided by the
full range. The measurement has been performed on the irradi-
ated chip (70 kGy). Due to the limited measurement setup, it
was not possible to measure all 144 ADCs.

The characteristics of the ADC are summarized in Table I.
It is interesting to compare our design with the similar ADCs

described in [9] and [14]. The 12-bit ADC presented by Wang
has of 5000, while the radiation-tolerant 13-bit ADC pre-
sented by Bernal has of 1800. Our design has of
nearly 500. Clearly, the resolution and of the two ADCs
from literature are much better. However, the full-scale input

Fig. 17. Measured ADC transfer characteristics of 52 ADCs placed on one
DCD that has been irradiated to 70 kGy.

TABLE I
ADC CHARACTERISTICS.

current ranges of the cited ADCs are nearly 30 times larger,
so that all three ADCs have comparable absolute noise values
and absolute non-linearity. Moreover, our design occupies an
area of silicon which is more than 20 times less than the prior
published ADCs. It has the smallest power consumption and its
current-memory cells are at least two times faster. We believe
therefore that our ADC is a good choice for the current-mode
readout of a multi-channel particle detector.

VII. CONCLUSION

Drain current digitizer – the current-mode ADC chip for the
readout of DEPFET particle pixel detectors with high spatial
resolution has been presented. DCD contains 72 channels with
144 cyclic ADCs that operate in parallel. The cyclic ADCs are
realized using current-mode memory cells. The conversion time
of one ADC is 160–320 ns (8-bit resolution) depending on the
ADC variant fast or slow with measured signal to noise ratio
of about 520 – 660. The cyclic ADC uses redundant signed-
digit cyclic conversion. The core of the ADC occupies only 40

55 and the CMOS logic that performs digital pro-
cessing the output bit streams additional 40 55 . The
static power consumption of one ADC is 0.96 mW. The chip
is implemented in a 180 nm technology using enclosed NMOS
gate layout to increase the radiation tolerance. Test results con-
firm the required 8-bit accuracy of the ADCs. In the case of the
typical charge to current conversion factor of DEPFET transistor
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Fig. 12. Test system with a DCD, wire-bonded to a small DEPFET matrix (M.
Koch).

error by factor . Every bit of additional accuracy by keeping
the same sampling speed requires increasing of power by factor
of four.

The fast variant of the cell from Fig. 7 has the following sim-
ulated parameters: , ( (8) gives . We
neglect here the first term in the equation and assume .)

, and . Layout area is
5 55 . The slow variant of the cell with
has ( (8) gives .) and . Other
parameters are equal for the both variants of the memory cell.

VI. MEASUREMENTS

In this section, we present a few experimental results obtained
by DCD chip using the on-chip test current sources that emulate
the DEPFET currents. The chip has also been successfully used
in a detector-system to readout a small DEPFET pixel matrix
as shown in Fig. 12. Experimental results obtained with the de-
tector-system will be the subject of another publication.

The left plot of Fig. 14 shows the measured transfer char-
acteristic of the slow ADC. The ADC has one additional sam-
pling cell at its input and is clocked at 50 MHz, which leads
to 320 ns conversion time for 8-bit resolution. (Although this
measurement is performed by one ADC, all 144 ADCs were
in operation. The measurement was therefore done under real-
istic conditions in terms of channel to channel crosstalk.) The
DC input signal was generated by a test current source placed at
the regulating cascode input. The test current sources are biased
by an on-chip 12-bit D/A convertor; before measurements they
are calibrated using monitoring pad and external sourcemeter.
For every input current, 62 samples were recorded. The left plot
of Fig. 14 shows the mean values of the recorded ADC output
codes for every input signal. The integral non-linearity is within

.
The right plot of Fig. 14 shows the histogram of the noise-

induced deviations of the ADC output codes from the corre-
sponding mean values for all inputs (slow ADC has been mea-
sured). The fitted Gaussian curve has a standard deviation equal
to 0.60 LSB, which corresponds to 39 nA and .

Fig. 13. Results of Monte Carlo simulations. ADCs with additional sampling
cells and ADCs without sampling cells have been simulated. Their signal to
noise ratios are shown as functions of the single memory cell . The num-
bers represent the measured of the fast- and the slow ADC with attached
sampling cells (S), the estimated of the corresponding memory cells (cell)
and the estimated of the ADCs without attached sampling cells (C).

Fig. 14. Left: Measured ADC transfer characteristic, every point corresponds
to the mean value from 62 measurements, best strait line integral non-linearity
(INL) is also shown. Right: The histogram of the deviations of the ADC outputs
codes from corresponding mean values.

Using the result of Monte Carlo simulation (Fig. 13) that shows
the of different ADC variants as function of the of
their memory cells, we estimate the of the single slow cell

. Note that the used ADC has one additional sam-
pling cell before its input, which increases the overall noise.
Monte Carlo simulation shows that without this additional noise
source, the slow ADC would have . The measured

of the fast variant of the ADC is 520, the estimated of
the fast memory cell is 440. Such ADC without the additional
sampling cell would have .

If we assume that the DEPFET transistor has the charge to
current conversion factor of 400 pA /e, one LSB corresponds
to the input signal of 160 e and the ADC plus the sampling
cell noise is typically equivalent to the input signal of 93 e (fast
ADC: 97 e). Without sampling cell the input-referred noise of
one ADC would be 60 e (fast ADC: 78 e). We will omit the
sampling cells in the next version of the chip to achieve better
noise performances.

The measured differential non-linearity of the slow ADC is
within as shown in Fig. 15. Similar values have been
obtained by the fast ADC as well.
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sented by Bernal has of 1800. Our design has of
nearly 500. Clearly, the resolution and of the two ADCs
from literature are much better. However, the full-scale input

Fig. 17. Measured ADC transfer characteristics of 52 ADCs placed on one
DCD that has been irradiated to 70 kGy.

TABLE I
ADC CHARACTERISTICS.

current ranges of the cited ADCs are nearly 30 times larger,
so that all three ADCs have comparable absolute noise values
and absolute non-linearity. Moreover, our design occupies an
area of silicon which is more than 20 times less than the prior
published ADCs. It has the smallest power consumption and its
current-memory cells are at least two times faster. We believe
therefore that our ADC is a good choice for the current-mode
readout of a multi-channel particle detector.

VII. CONCLUSION

Drain current digitizer – the current-mode ADC chip for the
readout of DEPFET particle pixel detectors with high spatial
resolution has been presented. DCD contains 72 channels with
144 cyclic ADCs that operate in parallel. The cyclic ADCs are
realized using current-mode memory cells. The conversion time
of one ADC is 160–320 ns (8-bit resolution) depending on the
ADC variant fast or slow with measured signal to noise ratio
of about 520 – 660. The cyclic ADC uses redundant signed-
digit cyclic conversion. The core of the ADC occupies only 40

55 and the CMOS logic that performs digital pro-
cessing the output bit streams additional 40 55 . The
static power consumption of one ADC is 0.96 mW. The chip
is implemented in a 180 nm technology using enclosed NMOS
gate layout to increase the radiation tolerance. Test results con-
firm the required 8-bit accuracy of the ADCs. In the case of the
typical charge to current conversion factor of DEPFET transistor

IEEE TNS, v. 57, p. 743, 2010

Transfer curve of the prototype
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Front-end ASIC #3: DHP (Data Handling Processor)

• Timing generation (1.6 GHz) + clock 
distribution

Zero-suppression 
Only triggered data readout 
Raw data buffering 
Fixed pattern noise correction 
Hit finder 
Framing (AURORA) 
Serializer and Gbit link driver

• Data processing

• TSMC 65 nm CMOS 
• Designed by Uni. Bonn 
• Size of 3×4 mm2

Functions of the ASIC
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DHP Chip History at Bonn
Half size prototype chip, 1.6 GHz PLL, 
Gbit link, memories, analog test 
structures, 200µm pitch bump bonds

Second prototype (full size), 1.6 
GHz PLL, Gigabit driver with 
programmable pre-emphasis, on-
chip bias DACs

test structures for future ATLAS and DEPFET 
projects. 
    PLL + GBit link driver 
    Charge sensitive amplifier 
    Memory test structures 
    DAC, current reference (U Barcelona)

test structures for future ATLAS and 
DEPFET projects. 
    LVDS IO 
    8-bit, 10 Mbps ADC 
    Analog Pixel Front-end 
    Temperature sensor

First production version 
    12 mm2 
    296 bumps 
    3Mbit memory 
    1.6 GHz data link

DHP 0.1, 2010, IBM 90nm

DHP 0.2, 2011, IBM 90nm

DHPT 0.1, 2011, TSMC 65 nm

DHPT 0.2, 2012, TSMC 65 nm

DHPT 1.0, 2013, TSMC 65 nm
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Data Link Specifications
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Data rate from DCD:~20 Gbps/chip

/sec

One 1.6 Gbit link/chip

-Data reduction of more than 1/10 
-1.6 GHz PLL 
-Link bandwidth & signal integrity (>15 m 
cable) are crucial

Requirements to the ASIC
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Pre-emphasis with Gbit link driver
Idea: boost high frequency components of the transmitted signal to 
compensate to cable attenuation

Eye diagram of DHP0.2

CML transmitter 

Pre-emphasis technique
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Full Scale Module Prototype

Hybrid-­‐5	
  PCB
DHP0.2

DCD-­‐B

DEPFET	
  sensor

SWITCHER-­‐B

Steering	
  FPGA

~3	
  cm	
  

~1.5	
  cm	
  

• Assembly with bump-bonding 
• Step-by-step ASIC functional checks
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Laser test
6.4 FSMP Tests

Moreover, since the matrix was illuminated from the back-side, one also sees the non-transparent metal-
lization area. In the zoomed area a precision scan (with a step size of 10 µm in both directions) of the
4⇥6 pixels region is presented. One can observe a ⇠10% position dependent variation of the cluster
signal, which contributes to the total energy resolution limitations.
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Figure 6.14: (Left) The laser scan of the whole matrix (seed signal) to test if pixels are correctly mapped. The
back side metallization is seen as a blue rectangle, since it absorbs photons and no light reaches the sensitive area.
In the zoomed area a precise homogeneity scan of the 4⇥6 pixel area with a step of 10 µm in both directions is
presented (cluster signal, optimized voltages). Picture and measurement are taken from [66]

75

• Matrix size of 1.6×4.8 mm2 

• Pixel size of 50×75 um2 
• Metallization area shown in blue 
• Variation of cluster signal: ~10 % 

position dependent

in-pixel study is possible!

Laser Illumination from the back-side
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IR-Source and Test beam results

107	
  events

All ASICs are working correctly with DEPFET sensor!!

Spectrum of Am-241 4 GeV electrons in 50 um DEPFET
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Summary

Thank you for your attention.

-The Belle II PXD has been developed based on DEPFET 
sensors. 
-All front-end electronics are almost ready to be integrated 
into modules. 
-Currently three prototype DHPs have been produced with 
different technology and the first production version 
designed with a 65-nm CMOS has been delivered. 
-The full-scale prototype module shows promising results 
in IR-source and test beam.


